A cute spine trauma (AST), though relatively uncommon, is associated with substantial impact to individuals due to the associated motor, sensory, and autonomic impairment; associated disability; and reduced lifespan. 15, 16, 18, 20, 29, 30 Hospital trauma centers have documented that AST represents between 2% and 23% of trauma admissions in the United States and Canada. 29, 30 Although the epidemiology of AST varies by countries, the most common causes of AST are usually motor vehicle accidents, falls, and sports-related trauma, among OBJECTIVE Acute spine trauma (AST) has a relatively low incidence, but it often results in substantial individual impairments and societal economic burden resulting from the associated disability. Given the key role of neurosurgeons in the decision-making regarding operative management of individuals with AST, the authors performed a systematic search with scoping synthesis of relevant literature to review current knowledge regarding the economic burden of AST. METHODS This systematic review with scoping synthesis included original articles reporting cost-effectiveness, costutility, cost-benefit, cost-minimization, cost-comparison, and economic analyses related to surgical management of AST, whereby AST is defined as trauma to the spine that may result in spinal cord injury with motor, sensory, and/or autonomic impairment. The initial literature search was carried out using MEDLINE, EMBASE, CINAHL, CCTR, and PubMed. All original articles captured in the literature search and published from 1946 to September 27, 2017, were included. Search terms used were the following: (cost analysis, cost effectiveness, cost benefit, economic evaluation or economic impact) AND (spine or spinal cord) AND (surgery or surgical). RESULTS The literature search captured 5770 titles, of which 11 original studies met the inclusion/exclusion criteria. These 11 studies included 4 cost-utility analyses, 5 cost analyses that compared the cost of intervention with a comparator, and 2 studies examining direct costs without a comparator. There are a few potentially cost-saving strategies in the neurosurgical management of individuals with AST, including 1) early surgical spinal cord decompression for acute traumatic cervical spinal cord injury (or traumatic thoracolumbar fractures, traumatic cervical fractures); 2) surgical treatment of the elderly with type-II odontoid fractures, which is more costly but more effective than the nonoperative approach among individuals with age at AST between 65 and 84 years; 3) surgical treatment of traumatic thoracolumbar spine fractures, which is implicated in greater direct costs but lower general-practitioner visit costs, private expenditures, and absenteeism costs than nonsurgical management; and 4) removal of pedicle screws 1-2 years after posterior instrumented fusion for individuals with thoracolumbar burst fractures, which is more cost-effective than retaining the pedicle screws. CONCLUSIONS This scoping synthesis underscores a number of potentially cost-saving opportunities for neurosurgeons when managing patients with AST. There are significant knowledge gaps regarding the potential economic impact of therapeutic choices for AST that are commonly used by neurosurgeons.
others. 16, 20, 23, [29] [30] [31] 34, 36 Nonetheless, the epidemiology of AST has been changing over the past few decades, with an escalation of fall-related AST among the aging of the population. 7, 20 Moreover, AST can have a significant impact on individuals, their family members, and society. In the United States, the 1st-year total health care costs of attendant care, home modifications, and equipment for caring for individuals with traumatic spinal cord injury (SCI) were estimated to vary from US$123,000 to US$423,000 in 2009, depending on the level and severity of injury. 8 Furthermore, the ongoing annual costs after the 1st year of injury were estimated to vary from US$33,500 to US$150,500. 8 Using those costing estimations, the projected lifetime cost for an individual injured at age 25 would span up to US$2.7 million depending on level of injury. 6 Given the substantial economic impact of treating this condition in the short-and long-term, AST should attract greater attention from health care providers, administrators, and health care decision makers working in an economically constrained health care system.
In addition to the substantial economic burden associated with AST, there are other pressing reasons for a better understanding of the potential cost-saving opportunities in the area of health economics in AST, including increasing health care costs associated with new technologies and therapies, and aging of the population. 9, 19 Understanding the near-and long-term economic consequences of AST surgical decision-making is paramount to informing health care policy makers and administrators in identifying interventions that will reduce the burden of AST while minimizing total direct costs from a health system perspective. Given this, we carried out this scoping review of the literature in order to identify, synthetize, and analyze the current knowledge on the health economics of AST.
Methods
This systematic review and scoping synthesis included original articles focused on cost-effectiveness, cost-utility, cost-benefit, cost-minimization, cost-comparison, and economic analysis related to neurosurgical management of AST, including traumatic SCI. Editorials, commentary, conference abstracts, and case reports were excluded. For the purpose of this review, AST was defined as trauma to the spine that may result in SCI with motor, sensory, and/ or autonomic impairment.
The primary literature search was carried out using MEDLINE, the Excerpta Medica database (EMBASE), the Cumulative Index to Nursing and Allied Health Literature (CINAHL), the Cochrane Controlled Trials Register (CCTR), and PubMed without limits to language or individual age at the time of AST from 1946 to September 27, 2017 . The literature search used the following terms: (cost analysis, cost effectiveness, cost benefit, economic evaluation or economic impact) AND (spine or spinal cord) AND (surgery or surgical). All titles and abstracts were screened by a single reviewer who selected the articles according to the inclusion and exclusion criteria. A secondary search was carried out using the reference list from the articles captured in the primary literature search. All selected articles were eventually reviewed and their data were abstracted into tables, synthesized, and analyzed. Outcomes of interest included costs, cost per quality-adjusted life year (QALY), and cost per clinical outcome.
Because there is no consensus-derived quality assessment currently available for economic studies, we used well-recognized specific reporting checklists to indirectly evaluate the quality of the economic studies. The costeffectiveness and cost-utility studies were evaluated using the Drummond checklist 10 and the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) checklist, 18 while the cost studies were examined using a checklist presented in a critical review of cost-of-illness studies by Larg and Moss. 21 
Results
The primary literature search captured 5770 titles, of which a total of 11 studies were deemed to meet the inclusion and exclusion criteria (Fig. 1) . The secondary literature search did not capture additional articles. Overall, there were 4 cost-utility analyses, 5 cost analyses that compared the cost of intervention with a comparator, and 2 studies that examined costs without a comparator.
The majority of the studies (8 of 11) were published in the last 6 years. The patient population varied in the studies, with 3 on traumatic thoracolumbar spine fracture, 3 on traumatic cervical spine fracture, 2 on traumatic cervical SCI, 2 on thoracolumbar burst fractures, and 1 on geriatric type-II odontoid fracture (Table 1) . Pooling data for analysis was precluded due to the heterogeneity of patient populations, clinical entities, surgical interventions, and outcomes of interest. Overall, no main methodological issues were identified among the cost-effectiveness studies (Tables 2 and 3 , respectively). The majority of the cost studies and cost-comparison studies showed no major methodological issues recognized by the checklist based on a critical review of cost-of-illness studies by Lang and Moss (Table 4) .
Cost-Effectiveness Studies in Cervical Spine Surgery
Furlan et al. examined the cost-effectiveness of early (within 24 hours) versus delayed surgical decompression of the spinal cord among individuals with SCI.
14 This costutility analysis was undertaken under the perspective of a publicly funded insurer. Clinical and utility data were derived from a prior multicenter observational study. 11 The costs included all direct hospital costs in a spine trauma center and inpatient rehabilitation for the initial 6 months after AST. For individuals with motor complete SCI, the total cost for early decompression was approximately US$11,000 (in 2014) less than that for delayed decompression, with an incremental utility difference of 0.0002. For motor incomplete SCI, individuals with early decompression showed US$5000 lower costs and 0.01 higher utilities compared to delayed decompression. In the probabilistic sensitivity analyses for motor complete SCI, there was a 53% probability that the early decompression is more cost-effective than delayed surgery at all willingness-to-pay thresholds. For motor incomplete SCI, this probability increased to 59%-60% at all thresholds. The incremental cost-effectiveness ratio analysis indicated a saving of US$58,368,024 per QALY gained for patients with complete SCI and a saving of US$536,217 per QALY gained in patients with incomplete SCI for the early spinal decompression. The authors concluded that early surgical decompression of the spinal cord decreases health care costs and may marginally increase the patient's quality of life for a willingness-to-pay of US$50,000. 14 Furlan et al. carried out a cost-utility comparing younger adults (less than 65 years) versus elderly individuals with acute traumatic cervical SCI regarding their initial surgical treatment and inpatient rehabilitation. 13 This costutility analysis was performed under the perspective of a publicly funded insurer in Canada. Clinical and utility data were derived from a prior multicenter observational study.
11 Costing data included all hospital costs from the spine trauma center and inpatient rehabilitation within the first 6 months following AST. The mean treatment cost for elderly individuals' SCI was US$56,600 (in 2014) higher than that for the younger group, for a mean utility difference of 0.01 lower in the elderly group. 13 The incremental cost-effectiveness ratio analysis suggested an additional Single study-based economic evaluation: Describe the effects of sampling uncertainty for estimating incremental cost, incremental effectiveness, and incremental cost-effectiveness, together with the impact of methodological assumptions.
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Yes NA NA NA CONTINUED ON PAGE 6 » cost of US$5,655,557 per QALY gained when managing elderly patients compared to younger individuals with SCI. 13 The authors concluded that surgical management and rehabilitation of acute traumatic cervical SCI in the elderly are costlier but similarly effective when compared to younger adults. This cost-utility analysis was apparently undertaken under the perspective of multiple private insurers in the United States. Results were stratified into the following age groups: 65-74 years, 75-84 years, and 85 years or older at the time of AST. The authors reported that operative treatment was more costly than nonoperative treatment at 1 year for all age groups, whereas operative treatment only resulted in greater QALYs for the 2 younger groups, with a cost of US$12,078 (in 2013) per QALY for the 65-to 74-year age group, and US$40,467 per QALY for the 75-to 84-year age group. 3 Nonoperative treatment was considered the dominant approach when compared to operative treatment for individuals older than 84 years, for a willingness-to-pay of US $100,000. 3 The authors concluded that operative treatment was likely cost-effective for individuals between 65 and 84 years of age; however, operative treatment was more costly and less effective for individuals older than 85 years. 
Cost-Effectiveness Studies in Thoracolumbar Spine Surgery
Aras et al. performed a cost-effectiveness study comparing surgical treatment to conservative management for thoracolumbar burst fractures. 1 This cost-effectiveness analysis was undertaken under the perspective of a taxfunded state-run universal health care system in Denmark. This study included consecutive patients with CT-verified incomplete burst fractures of the T11-L2 vertebrae who were admitted to a university hospital. All hospital, emergency department, and health care provider costs incurred from diagnosis up to 2 years were included. 1 The effectiveness outcome of interest was use of oral morphine equivalent and daily doses of narcotic/nonnarcotic analgesics. While the health care costs for the group requiring surgery were EUR 10,734 (in 2010) higher than those treated nonsurgically matched for age and sex, there were no significant differences between the study groups for the effectiveness outcomes. 1 The probabilistic sensitivity analysis showed that the probability of surgery being costeffective compared to no surgery was below 50% for all effectiveness outcomes at all willingness-to-pay thresholds. The authors concluded that surgical treatment for thoracolumbar burst fractures was not cost-effective compared to nonsurgical approach.
Lee et al. examined the cost-effectiveness of removing the pedicle screw after successful posterior instrumented fusion versus leaving the screw for individuals with thoracolumbar burst fractures. 22 This cost-utility analysis was undertaken under the perspective of a publicly funded insurer in South Korea. This study included all inpatient hospital expenses, physician fees, and medication costs within a 2-year horizon using a discount rate of 3% a year. 22 There were higher costs-increase of US$2529 (in 2016) at 1 year and US$2592 at 2 years-in the intervention arm due to the additional surgery to remove the screw. However, there was a QALY gain of 0.097 at 1 year and 0.201 at 2 years for the intervention group. Removal of the pedicle screw resulted in an incremental cost-effectiveness ratio of US$26,072 per QALY at 1 year and US$13,125 per QALY at 2 years when compared to the group of patients without removal of the pedicle screws. 22 The authors concluded that removal of the pedicle screws between 1 and 2 years after the initial surgical treatment of thoracolumbar burst fractures was considered more cost-effective than not removing the pedicle screws. 
Cost-Comparison Studies in Cervical Spine Surgery
Medress et al. examined the economic impact of early (within 72 hours of hospital admission) and late surgery in the management of individuals with traumatic cervical fractures. 25 Using a propensity score method, both study groups were selected by matching for age, emergency department admission, hospital, expected payer, surgical approach, comorbidities, and ICD9-BISS (International Classification of Diseases, 9th Edition-Based Injury Severity Score). Costing data of hospital admissions in California from 2006 to 2009 (except for downstream costs) were included. The authors concluded that initial hospital costs were significantly lower for the individuals who underwent early surgery (US$63,065 in 2009) than for the late surgery group (US$77,049). 25 Nandyala et al. compared the hospital costs of weekday versus weekend admissions for management of individuals with AST who underwent cervical fusion. 27 Using the Nationwide Inpatient Sample database, all hospital costs for the management of individuals with AST who were admitted to over 1000 hospitals in 46 American states from 2002 to 2010 were included. Their results suggest that the hospital costs were significantly greater for the patients who were admitted on the weekend than for those who were admitted on a weekday (a mean of US$10,045 higher for those treated with anterior cervical fusion, US$10,227 higher for those who underwent posterior cervical fusion, and US$11,301 higher for those who had anterior and posterior cervical fusion). However, there were significant differences between the study groups regarding their mean age, sex, and number of preexisting medical comorbidities, which could affect the results. 
Cost-Comparison Studies in Thoracolumbar Spine Surgery
Boakye et al. examined the economic impact of early (within 72 hours of hospital admission) versus late fracture fixation surgery for individuals with traumatic thoracolumbar fractures. 4 This study included the charges of hospital admissions in several institutions in California from 2003 to 2008 (no downstream cost was included). Using a propensity score method, the study groups were matched for admission location, age, sex, comorbidity score, insurance type, and injury severity score (ICD9-BISS). The authors concluded that hospital charges for individuals who underwent early surgery were US$38,120 lower than hospital charges for the later surgery group (US$213,031 vs US$251,151, respectively). 4 Siebenga et al. compared surgical versus nonsurgical treatment for management of individuals with traumatic thoracolumbar spine fractures. 32 This study included direct costs, general-practitioner visit and absenteeism costs, and private health care expenditures of individuals with traumatic thoracolumbar spine fractures (T10-L4 compression fracture without neurological deficit) who were treated between 1998 and 2003 in a European institution. Mean direct costs during this time period for the surgical treatment (US$21,960) were significantly higher than those for the conservative management (US$11,880). However, the general-practitioner visit costs, private expenditures, and absenteeism costs for the surgical group (US$13, US$550, and US$6630, respectively) were significantly lower than those for the nonsurgical group (US$34, US$816, and US$10,329, respectively).
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Costing Study in Cervical Spine Surgery
Watts et al. provide a list of the costs of posterior fusion with sublaminar wiring for management of individuals with acute traumatic, unstable cervical spine injury who underwent surgery at the University of Missouri from 1984 to 1989 and at the University of Maryland from 1991 to 1991. 35 The costs for supplies were estimated to be US$2700 (in 1993) for the Haid plate, US$2640 for the Halifax clamp, and US$5.94 for the wiring system. 35 
Costing Study in Thoracolumbar Spine Surgery
Van der Roer et al. examined the cost of inpatient hospital and outpatient care for management of individuals with traumatic thoracolumbar spine fractures in a single institution in the Netherlands. 33 The total mean cost to the individual with spine fracture who underwent surgical treatment was EUR 19,700 (in 2001) , whereas the mean cost for those individuals who underwent conservative management was EUR 12,500.
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Discussion
Results of this scoping review underline a few potentially cost-saving strategies in the neurosurgical management of individuals with AST. Early surgical treatment may be more cost-effective (or less costly) than delayed surgery in the management of individuals with acute traumatic cervi- The number of cases of AST appears to be increasing with time in many jurisdictions. Trends in admission of traumatic spine injury at a trauma center in Ontario (Canada) show an increase in admissions over time well beyond population growth. 30 With the substantial cost for treating each injured patient, there will be an increasing need to identify and implement interventions that show both efficacy and value. With hospitals facing fiscal restraint and mean length of hospital stay remaining unchanged over time, there is an opportunity and need for improvements in efficiency of management of patients with AST. 20 This scoping review identified a few potentially cost-saving strategies in the management of AST that should be considered by neurosurgeons, policy makers, and administrators. Efficiency may be improved through adjusting the timing of neurosurgical treatment. For instance, early surgical decompression of the spinal cord (within 24 hours from injury) may be cost-saving with similar outcomes in the management of individuals with acute traumatic cervical SCI.
14 Interestingly, a recent benchmarking process analysis of surgical decompression after traumatic cervical spine injury revealed that health-related factors were the most important determinants of the delay in the surgical decompression of the spinal cord. 17 The same benchmarking analysis also showed that patients who underwent early surgery had a significantly shorter waiting time, shorter waiting time for assessment by a spine surgeon, and a shorter waiting time for a surgical decision than did the patients in the delayed surgery group. 17 Perhaps not surprisingly, neurosurgeons' availability and decision-making process can directly affect the health care efficiency and costs.
This review also underscores other potentially costsaving opportunities for neurosurgeons in the area of AST. Cost-savings could also be realized through early fracture fixation surgery for individuals with traumatic thoracolumbar or cervical spine fractures. 4, 25 Furthermore, the treatment choice between surgical and nonsurgical treatment is also an area where efficiency may be improved. For instance, surgical treatment of traumatic thoracolumbar burst fractures and surgical treatment of type-II odontoid fractures for individuals over 65 years of age were both found to be non-cost-effective compared to conservative treatment. 1, 3 Those results suggest that these interventions could save health care costs while not decreasing patient outcomes. Although this review did not capture a single study on the cost-saving magnitude preventative interventions, it is obvious that prevention of AST represents a great opportunity to reduce disability and health care costs. Various studies have reported that SCIs due to motor vehicle accidents have been decreasing while injury due to falls is on the rise. 20, 28, 30 The population group at risk for fall-related SCI tends to be older than the rest of the population. 12, 34, 36 Fall-prevention strategies in the elderly may help reduce the number of future cases of fall-related AST as emphasized in a recent literature review by the Canadian Agency for Drugs and Technologies in Health. 5 Overall, 9 studies documented that fall-prevention strategies can be cost-effective and in some cases cost-saving. 5 The combination of a comprehensive fall-prevention strategy along with a conservative approach to treating spine trauma and early intervention where surgery is preferred may result in a substantial reduction in the economic burden on the health care system. Moreover, additional economic analyses for other interventions to treat individuals with traumatic spinal injury would lead to the identification of other potential ways to improve patient care in a fiscally responsible manner.
Study Limitations
While this is a comprehensive review of the literature that stresses some of the potential economic impact of neurosurgeons' decisions when managing AST, our review has limitations that must be taken into account when applying its results.
First, although our search strategy for peer-reviewed literature was comprehensive, this review did not include a search for "gray literature" where economic evaluations conducted by health technology assessment agencies or similar organizations are usually published. Given the limited peer-reviewed literature and the relatively low incidence of AST, it is unlikely that a health technology assessment agency has conducted an economic evaluation on this population. Second, most (if not all) of the economic studies included in this review have limited generalizability that is intrinsic to their study design and population. Third, the study selection for our review was limited to a single reviewer. While the other authors assisted in the refinement of the selection of the studies prior to data extraction and synthesis, there is still the possibility that relevant studies may have been filtered out by the reviewer. Fourth, the discrepancies of the health care coverage and accessibility among different jurisdictions impose limitations to the applicability and economic effects of the practice and policy changes supported by those prior studies in the literature. Fifth, all studies captured in this review were carried out in highincome countries where resources are commonly and widely available for the vast majority of their population; hence, those results may not be generalizable across the world. Finally, stakeholders such as health care decision makers were not consulted during the study development to provide an additional perspective and to validate study findings. Although Arksey and O'Malley 2 consider this optional for a scoping study, Levac et al. 24 endorse that inclusion of stakeholders in the scoping review development should be a required step because it provides additional methodological rigor.
Conclusions
This review stresses potentially cost-effective neurosurgical strategies, including early surgical treatment compared to delayed surgery for acute traumatic cervical SCI, traumatic thoracolumbar and cervical fractures, surgical treatment for type-II odontoid fracture in patients 65-84 years old, and removal of pedicle screws within the first 2 years after posterior instrumented fusion for thoracolumbar burst fractures. However, those results were based on single studies of selected population groups that were managed in distinct jurisdictions, limiting their generalizability. Finally, there are significant knowledge gaps regarding the economic impact of therapeutic choices that are commonly used by neurosurgeons when managing patients with AST.
